Trichloroethene (TCE) is a ubiquitous groundwater pollutant. Successful TCE bioremediation 23 has been demonstrated at field sites using specialized microbial consortia harboring TCE-24 respiring Dehaloccocoides whose growth is cobalamin (vitamin B12)-dependent. 25
INTRODUCTION 45
Dehalococcoides and Dehalogenimonas spp., the only known bacteria capable of reductive 46 dechlorination of VC to non-toxic ethene, [1] [2] [3] [4] require H2 as electron donor and conserve energy 47 through organohalide respiration. Organohalide respiration depends on reductive dehalogenases 48 (RDases) that harbour a cobamide as a prosthetic group. However, Dehalococcoides spp. cannot 49 synthesize their own cobamide and thus import the vitamin from their surroundings. 50
Dehalococcoides-containing cultures and isolates are typically grown in the presence of 51 cobamides like cobalamin (vitamin B12). 5, 6 Cobamides are composed of a tetrapyrrole ring, a 52 central chelated cobalt ion, two axial ligands (upper and lower ligands), an aliphatic side chain 53 and a phosphodiester bond which links the tetrapyrrole ring and the α-ribazole (i.e., the 54 ribonucleoside with the lower axial ligand). 7, 8 The best known cobamide is cobalamin which 55 contains5,6-dimethylbenzimidazole (DMB) as the lower axial ligand. A recent study 9 , using 56
The commercialized bioaugmentation enrichment culture KB-1 ® dechlorinates chlorinated 68 ethenes, including the dry-cleaning solvent tetrachloroethene (PCE) and the industrial solvent 69 trichloroethene (TCE). In the laboratory, the original KB-1 parent culture (TCE/M_1998_parent, 70 Figure S1 ) is maintained with TCE (electron acceptor) and methanol (electron donor Another important factor influencing the performance of dechlorinating cultures is pH. Extensive 79 dechlorination generates HCl which can lead to a drop in pH as the buffering capacity of the 80 medium is exhausted. A drop in pH to below pH 6.0 causes a significant reduction in 81 dechlorination rates and extent. [20] [21] [22] [23] Lower pH may impact the dechlorinators directly, or may 82 impact associated fermenting and cobalamin-producing organisms in the culture. 83
Dehalococcoides populations recently studied by Yang et al. 24 could not sustain reductive 84 dechlorination at pH 5.5, yet the reason for the loss of dechlorination activity remains unclear. In 85 addition, the enrichment cultures grown at pH 5.5, in which partial dechlorination of TCE to cis-86 dichloroethene (cis-DCE) was observed, were shown to harbour dechlorinating 87
Sulfurospirrillum, but not Dehalococcoides populations. with TCE as acceptor and methanol (M) as donor. Cells were triple-washed in medium devoid of 135 vitamins, i.e., centrifuged (8000 rpm, 4°C), resuspended, and centrifuged again after discarding 136 the supernatant before inoculation. The first set received medium containing the regular set of 137 vitamins (controls), the second set received medium with all vitamins except cobalamin, and the 138 third set received medium that was completely vitamin-free. The cultures were routinely 139 reamended with donor and acceptor, and periodically transferred into the same three medium 140
formulations. Following the experiments described in Islam (2014) 29 , the cultures (i.e., triplicate 141 100 mL cultures grown at the three different media formulations described above) were 142 combined and scaled-up to 700 mL and are referred to as TCE/M_Vit(+), TCE/M_Vit(-), and 143 TCE/M_B12(-) ( Figure S1 ). 144
145

Low pH Enrichment cultures. A long term pH adaptation experiment is described in the 146
Master's thesis of Li (2012) 30 , in which transfers from TCE/M_1998_parent (T3MP1) (Figure 147 S2) were grown over multiple feedings in media at pH 7 (control), pH 6.0, and pH 5.5. In these 148 cultures, the electron acceptor added was VC rather than TCE to maintain specific selection 149 pressure for Dehalococcoides. Triplicate enrichment cultures (50 mL) kept at the three pH 150 conditions were maintained with regular VC/methanol feedings for about two and a half years, 151 prior to combining triplicates and scaling up to three 500 mL cultures. These scaled-up cultures 152 are referred to as VC/M_pH7, VC/M_pH6, and VC/M_pH5.5 ( Figure S2 ). 153
154
Growth experiments. Two major growth experiments were performed to test the impacts of pH 155 and B12, one using 10% dilution transfers set up at pH 7.0 and 5.5 (amended with either TCE or 156 VC) and another using 1% dilution transfers (amended with TCE) (see Figure S1 for 157 experimental flow). All experiments were set up in an anaerobic chamber (Coy) with a 10% 158 CO2, 10% H2, and 80% N2 atmosphere. For the 10% dilution transfers at pH 7.0 and 5.5 ( Figure  159 S1), inoculum from the TCE/M_B12(-) enrichment culture (10 mL for TCE dechlorination 160 assays and 5 mL for VC dechlorination assays) was added to autoclaved 160-mL narrow-necked 161 glass serum bottles containing defined mineral medium without cobalamin (90 mL for TCE 162 dechlorination assays and 45 mL for VC dechlorination assays). Subsequently, the serum bottles 163
were sealed with rubber stoppers and crimped. The electron donor (methanol) and electron 164 acceptor (TCE or VC) were added in the same way as for the enrichment cultures, at a ratio of 5 165 to 1 electron equivalents of donor to acceptor, unless otherwise specified. If necessary, additional 166 electron donor was added to ensure complete dechlorination. Once the TCE transfers set up at 167 pH 5.5 had partially dechlorinated the added TCE to ethene, they were subsequently aliquoted to 168 six 10 mL glass vials to a final volume of 5 mL each, sealed with rubber-stoppers and crimped. 169 DMB (10 µM) was added to two bottles and the pH was adjusted to 7.0 in another two bottles 170 using a saturated bicarbonate solution (~ 1.3 M). The remaining two bottles were kept as controls 171 at pH 5.5. The growth of Sporomusa and Acetobacterium in the absence of TCE was investigated 172 in 10% dilution transfers from the TCE/M_B12(-) culture that were fed methanol only (Figure  173   S1 ). 174
175
The 1% dilution transfer experiments ( Figure S1 ) were initiated to minimize cobalamin and 176 DMB carry-over. In these experiments, the conditions were similar to that of the 10% dilution 177 transfers, except that the inoculum (1 mL) from the TCE/M_Vit(-) was first pelleted down, 178 washed twice with sterilized defined (cobalamin-free) medium, resuspended in 1 mL of same 179 cobalamin-free medium, and then added to serum bottles containing 99 mL of cobalamin-free 180
medium. 181 182
Cell-extract dehalogenase activity assay. The cell-extract dehalogenase activity assay was 183 performed following previously established protocols under anaerobic conditions. 31 All reagents 184 were pre-reduced or kept anaerobically before the assays. Briefly, 100 mL of the TCE/M_B12(-) 185 culture was harvested and pelleted down by centrifugation at 9,000 x g for 20 min at 4 o C under 186 anaerobic conditions. The supernatant was removed, the pellets were resuspended in 0.3 mL of 187 100 mM Tris-HCl buffer (pH 7.5) containing 12.5 mM NaCl, 2.5% glycerol, and 1% digitonin 188 used as the reductant in the medium to avoid turbidity and facilitate cell density measurements; 205 resazurin was excluded from the medium to avoid interference from the pink color that develops 206 during cell density measurements after exposure to air. In an anaerobic chamber, the active 207 Sporomusa sp. strain KB-1 pure culture (2 mL; OD600nm ~ 1), was transferred into 2-mL sterile 208 O-ring-capped plastic microcentrifuge tubes and pelleted down by centrifugation at 10,000 x g 209 for 10 min at room temperature. The supernatants were removed, and the pellets were washed 210 with sterile cobalamin-free defined medium (1 mL) twice. After, the pellets were resuspended in 211 sterile defined media containing varying cobalamin concentrations (0, 5, 10, 25, 50 µg/L) to a 212 final cell density (OD600 nm) of 0.04 (as determined by the no-substrate control included in the 213 experiment); 5 mL of the resuspended cells at each cobalamin concentration were transferred 214 into the sterile 10-mL rubber stopper-sealed glass tubes by sterile plastic syringes and needles. 215
The tubes were then purged with 20% CO2/80%N2 to remove H2, followed by the addition of 216 methanol to a final concentration of 20 mM. In some assays, H2 (20 % in head space), formate 217 (10 mM), or lactate (10 mM) was added. The glass tubes were incubated at 30 o C for one day, 218 and 0.2 mL of each culture was sampled and loaded into a 96-well optical plate (Falcon). The 219 cell density in each well was determined using a TECAN Infinite M200 plate reader at 600 nm. originally set at pH 6.0, described in the Master's thesis of Li (2012) 30 , initially dechlorinated 243 VC more slowly than the culture at pH 7.0, but eventually maintained a rate comparable to that 244 of the enrichment culture maintained at pH 7.0 (Figure 2 ). In the culture maintained at pH 5.5 245 (see Figure S3 for pH measurements), the observed dechlorination and ethene production rates 246 were about 4 times lower than those at pH 7.0 and 6.0. The maintenance of low pH batch 247 cultures required careful monitoring as acid build up from dechlorination progressively dropped 248 the pH; at low pH, the carbonate buffering system is not as robust as at neutral pH. Overall, we 249 found that the enrichment culture KB-1 was able to dechlorinate VC to ethene at 5.5 ≤ pH ≤ 7.0 250 (Figure 2A ), and that this activity was mediated by Dehalococcoides ( Figure 2B) , which is 251 different from the observations reported by Yang et al. 24 Perhaps, certain Dehaloccocoides 252 populations are more resistant to low pH than others. 253 254 Microbial community composition revealed by amplicon sequencing. Two snapshots of the 255 microbial community composition in the enrichment cultures used in this study are shown in the 256 right-hand panels in Figures 1 and 2 . As expected, Dehalococcoides was the dominant genus in 257 these cultures, accounting for about 50% of the total microbial population based on 16S rRNA 258 gene copies. As previously reported 3, 17, 18 , the two major acetogens were Acetobacterium and 259
Sporomusa. Sporumusa was more abundant in the enrichments amended with vitamins 260
(TCE/M_Vit(+)) than in the non-amended ones. Sporomusa was also more abundant than 261
Acetobacterium in the sample from VC/M_pH5.5. The relative abundance of Sporomusa 262 increased in the TCE/M_Vit(-) enrichment cultures between Day 279 and Day 777. We also 263 noted that the pH in this culture and in the TCE/M_Vit(+) had fallen to 4.7-4.8 (as a result of 264 progressive HCl accumulation from dechlorination). The pH was promptly adjusted back to 7.0, 265 but perhaps this pH drop had already affected the microbial community. Nevertheless, these 266 observed differences in the relative abundance of Acetobacterium and Sporomusa led us to 267 propose two hypotheses: 1) Sporomusa outcompetes Acetobacterium at pH below pH 6.0; and 2) 268
Sporomusa outcompetes Acetobacterium when exogenous vitamins (particularly vitamin B12) are 269 present. To test the pH hypothesis further, we carried out a point biserial (pb) correlation analysis 270 between the microbial abundance data and pH above or below 6.0. We used the data shown in 271
Figures 1 and 2, plus two samples from the parent KB-1 culture and a VC/methanol-fed KB-1 272 subculture (see Table S2 ). The relative abundance of Acetobacterium was negatively correlated 273 (rpb = -0.75) with pH<6.0 (anytime within three weeks prior to DNA extraction). In contrast, the 274 relative abundance of Sporomusa was positively correlated (rpb = 0.77) with pH>6.0. 275
Acetobacterium also seemed to be more abundant in cultures without added vitamin B12 (Figures  276   1B and 1C) . Additional growth experiments (described below) were initiated to further 277 investigate these trends. Dehalococcoides per mL of culture (as compared to the measurements obtained at t = 0 d) was 293 observed at both pH 7 and 5.5 (Figures 3C and 3D ; Table S3); at pH 5.5, the growth of 294
Dehalococcoides was proportional to observed dechlorination (two thirds of the electron 295 acceptor equivalents were consumed at pH 5.5 compared to pH 7). In the transfer set up at pH 296 7.0, there was a 5-fold increase of Acetobacterium, but no increase of Sporomusa. In the 297 transfers set up at pH 5.5, Acetobacterium and Sporomusa both showed a small 2-fold increase 298 (Figures 3C and 3D ; Table S3 ). Slow to no growth of Acetobacterium at pH 5.5 was expected as 299 the pH growth optimum for other Acetobacterium spp. was previously shown to be between 7.0 300 and 8.0. to be cobalamin producers 13, 14 , we hypothesized that the amount of cobalamin in the cultures 304
should be proportional to the relative abundance of the Acetobacterium population. Thus, we 305 extracted the cobamides from the aforementioned KB-1 transfers grown at pH 7.0 and pH 5.5 306 ( Figure 3E ; MS spectra in Figure S4 ). Consistently, in the cultures grown at pH 5.5 in which VC 307 accumulated, the measured concentration of p-cresol-cobamide was ~88 µg/L which is ~20 times 308 higher than the measured concentration of cobalamin (~4 µg/L). In contrast, in the cultures 309 grown at pH 7.0, in which VC was completely dechlorinated and the growth of Acetobacterium 310 was measureable (5-fold increase), the average concentration of p-cresol-cobamide and 311 cobalamin are comparable (~25 µg/L). The higher cell density of Acetobacterium and higher 312 cobalamin concentration in the cultures grown at pH 7.0, as compared to the cultures grown at 313 pH 5.5, supports our hypothesis that Acetobacterium is a DMB/cobalamin producer in the KB-1 314 enrichment cultures. To further confirm that Acetobacterium sp. strain KB-1 can supply 315 DMB/cobalamin to Dehalococcoides, we inoculated medium without cobalamin with a 1% 316 transfer from the culture TCE/M_Vit(-). In the previous experiment (10% dilution transfers), 317 some DMB or cobalamin could have carried over with the inoculum. For this experiment, the 318 inoculum was centrifuged and washed twice with anaerobic mineral medium devoid of vitamins 319 to remove cobalamin and DMB carryover. After the duplicate KB-1 cultures had dechlorinated 320 ~0.5 mM of TCE to ethene (1.34 mM Cl -released), we harvested one of the cultures 321 (dechlorination data shown in Figure S5 ) and measured cobalamin concentrations. The 322 measured concentration (~750 ng/L, 0.55 nM) is almost 20-fold higher than the observed 323 concentration before TCE dechlorination occurred (Table 1) . Nevertheless, it is surprising that 324 nanomolar levels of cobalamin could support the dechlorination of TCE to ethene. For this 325 experiment, the yield of Dehalococcoides, 1.1 x 10 8 cells per μmol Cl -released, is in the same 326 order of magnitude as previously published yields of Dehalococcoides pure cultures which range 327 between 1.5 x 10 7 to 2.9 x 10 8 cells per µmol Cl -released. 35 Moreover, the cell density for 328
Acetobacterium increased by 63-fold (Table 1) . 329
330
The relationship between Acetobacterium and Dehaloccocoides during TCE reductive 331 dechlorination. As demonstrated earlier, the growth of Acetobacterium in KB-1 is correlated to 332 an increase in cobalamin content which supports efficient dechlorination of VC to ethene (Table  333 1). Analyses of the KB-1 metagenome (NCBI accession PRJNA376155) are consistent with this 334 observation, revealing that only Acetobacterium sp. strain KB-1 contains a complete anaerobic 335 DMB biosynthesis operon (bzaABCDE; Figure S6 ). The operon arrangement and gene 336 annotation are identical to that of Eubacterium limosum strain ATCC 10825 and Acetobacterium 337 Woodii, two well-known cobalamin producers 14, 36, 37 ( Figure S6) ; the encoded proteins are most 338 similar to the ones found in Acetobacterium dehalogenans (Table S4) . 339
340
We were next interested in studying the growth of Acetobacterium in the absence of 341 dechlorination to further understand the relationship between Acetobacterium and 342
Dehalococcoides. We performed a 10% dilution transfer of the culture TCE/M_B12(-) into 343 medium free of vitamins amended with methanol but not TCE, at both pH 7.0 and 5.5. Contrary 344 to our expectation, we did not observe growth of Acetobacterium ( Figure S7 ). Measurable 345 growth (an order of magnitude) was observed only for Sporomusa, regardless of pH. 346
Dehalococcoides was not expected to grow at either pH tested, yet we expected to observe 347 measurable growth for Acetobacterium analogous to the growth that we observed at pH 7.0 with 348 added TCE ( Figure 3C ). While it is clear that DMB/cobalamin produced by Acetobacterium is 349 beneficial to Dehalococcoides, any potential mechanism that may facilitate the growth of 350 ( Figures 2B and 3D) , Sporomusa growth is favored. Sporomusa can also efficiently grow at 366 neutral pH as shown in Figure S7 . An earlier study 38 reported that the addition of 10 µM DMB 367 (~ 1400 μg/L) to growth medium inhibited the growth of Sporomusa on methanol since the 368 methanol methyltransferase requires either phenyl-cobamide or p-cresol-cobamide as a cofactor. 369 [38] [39] [40] We hypothesized that cobalamin, the cobamide with DMB as the lower ligand, may also 370 inhibit the growth of Sporomusa on methanol. When 50 µg/L of cobalamin was added to the 371 medium, the growth of Sporomusa was completely inhibited (Figure 4) . When 25 µg/L of 372 cobalamin was added to the medium, the growth of Sporomusa was lower relative to the control. 373 This is about the same concentration as measured in the pH 7.0 experiment shown in Figure 3 in 374 which the growth of Sporomusa was not apparent ( Figure 3C ). The growth of Sporomusa was 375 not inhibited by cobalamin when grown with H2, formate, or lactate instead of methanol (Figure  376 4), suggesting that the inhibition by cobalamin is specific to growth on methanol which requires 377 the p-cresol-cobamide-or phenyl cobamide-specific methanol methyltransferase. It is possible 378 that the use of methanol as the sole electron donor in the KB-1 enrichment cultures may play a 379 role in the enrichment of the DMB/cobalamin-producing Acetobacterium population, whose 380 production of cobalamin represses the growth of the p-cresol-cobamide-producing Sporomusa 381
population. 382 383
Stalled dechlorination of VC to ethene was restored after pH adjustment. Our data revealed 384 that the population of cobalamin/DMB-producing Acetobacterium is much less abundant in the 385 dilution transfer cultures grown at pH 5.5 than those grown at pH 7.0 (Figure 3) , suggesting that 386
Dehalococcoides may have faced cobalamin shortage to produce the functional form of VcrA for 387 VC dechlorination. Given that Dehalococcoides can salvage cobalamin using p-cresol-cobamide 388 and DMB, 12 we wanted to test if DMB supplementation (10 µM; ̴ 1400 µg/L) alone could rescue 389 the loss of VC dechlorination in these transfers. As shown in Figure 3F , DMB supplementation 390 did not restore the dechlorination of VC to ethene at pH 5.5. However, increasing pH to 7.0 led 391 to 80% conversion of VC to ethene in 5 days. This suggests that incomplete VC dechlorination 392
by Dehalococcoides was not due to DMB shortage but due to acidic pH. 393
394
Effect of pH on the Dehalococcoides-mediated reductive dechlorination of VC in 10% 395 dilution transfers amended with VC. Analogous to the 10% dilution transfer experiment set up 396 at pH 7.0 and 5.5 with TCE as electron acceptor, a 10% dilution transfer experiment with the 397 culture TCE/M_B12(-), maintained at circumneutral pH, was performed to specifically test the 398 dechlorination of VC at different pH: 7.0, 6.3, 5.5, and 5.5 with 10 µM DMB. As shown in 399 Figure 5A , complete VC dechlorination to ethene only occurred at pH 7.0 and pH 6.0. The 400 dechlorination of VC to ethene was slower in the transfers set up at pH 5.5, but ethene was 401 produced until the medium became acidic. Dehalococcoides growth was observed at each pH 402 (Table 2) . Even though the enrichment culture TCE/M_B12(-) is grown at circumneutral pH, 403
Dehalococcoides was still able to grow and dechlorinate VC to ethene at a pH as low as 5.5. The 404 addition of 10 µM of DMB at pH 5.5 resulted in enhanced Dehalococcoides growth (Table 2) The negative impact of low pH on reductive dechlorination has been well documented [20] [21] [22] [23] [24] 42 . 417
Although members of the genus Sulfurospirillum have been shown to reductively dechlorinate 418 PCE and TCE to cis-DCE at low pH (pH 5.5), 24 
this is the first time that growth of 419
Dehalococcoides populations has been demonstrated at pH 5.5 after a rapid decrease from pH 420 7.0 to 5.5 (Table 2) , and also after progressive decreases and long-term cultivation at pH 5.5 421 9 copies per mL of culture (qPCR data shown in 430 Figure S8 ). Titanium citrate-reduced methyl viologen and cis-DCE were used as the artificial 431 electron donor and electron acceptor, respectively; cis-DCE was chosen as a suitable acceptor 432 because cis-DCE can be more easily and reproducibly amended as opposed to VC which is a gas 433 at room temperature. The dechlorination activity of the cell extracts declined sharply from pH 434 7.0 to 6.0 ( Figure 5B ). At pH < 5.0, the dechlorination activity was completely lost. These results 435 are consistent with our previous findings in the 10% dilution transfer set up at pH 5.5: the pH 436 dropped from 5.5 to 5.0 and VC dechlorination did not occur ( Figure 3B ). In accordance to the 437 cell-extract assays, VcrA enzyme activity is not expected at such low pH. From earlier studies on 438 the catalytic mechanism of RDases 43, 44 , it was possible to infer that RDases would be affected at 439 low pH, yet the functional pH range of Dehalococcoides RDases had not been previously 440 Dechlorination data is shown in Figure S5 . Cell growth and cobalamin concentrations are 717 reported as the mean +/-range of duplicate measurements. 718 719 Table 2 . Changes in Dehalococcoides cell numbers per mL in 10% dilution transfers of the 720 TCE/M_B12(-) enrichment culture after the dechlorination of VC to ethene at varying pH. 721
